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ABSTRACT

To more accurately treat severe accidents in fast reactors, a program has been et
up to investigate new computational models and approaches. The product of this ef-
fort i3 a computer code, the Advanced Fluid Oynamics Model (AFDM). This paper de-
scribes some of the batic features of the numerical algorithm used in AFDM. Aspects
receiving particular emphasis are the fractional-ster method of time integration,
the semi-implicit pressure iteration, the virtua) mais inertial terms, the use of
three velocity fields, higher order differencing, convection of interfacial ares
with source and sink terms, multicomponent diffysionr processes in heat and mass
transfer, the SESAM{ equation of state, and vectorized programming. A calculated
comparison with an isothermal tetralin/gmmonia experiment is performed. we conclude
that significant improvements are possible in reliadly calculating the progression
of severe acc'‘dents with further development.

1. INTRODUCTION

The analysis of hypothetical core-disruptive accidents (HCOAs) in liquid metal
fast-breeder reactors (LMFBRs) involves many simplifying assumptions. At the Lot
Alamos Mational Laboratory, an internationa) team i3 working to develop techniques
that wi)) allow the removal of some approximations and a reduction in the level of
uncertainty. These techniques are being implemented in a computer code called the
Ad.anced Flyia Dynamics Model (AFDM). Thus, the AFDM provides & prototype for test-
ing algorithms leading to an improved HCOA computational capability. This paper
wil) describe the methods currently Deing implemented in AFON.

we first describe the scope Of the AFDM code, including the conservation equs-
tions and the phenomenology treated. Second, the overall AFDN algorithe i3 pre-
sented. Third, a discussion 13 provided on some of the major computationa) features
being investigated in the AFDM program. Appropriatc sample calculations have been
included to demonstrate the effect of differing assumptions. Finglly, the current
status of the AFDM code i3 discusted in the context of a final calculation.

11. AFDR SCOPL

AFOM may be categorized as a three-velocity-fleld, two-dimensional, multiphase,
Culerian fluid-dynamics code. There are seven density components: structure, fue)
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particles, fue) liquid, a coolant liquid, fuel vapor, coolant vapor, and a noncon-
densible gas. The fue: particles and Yiquid cccupy one velocity fleld, the liquid
coolant occupies a second velocity field, and the vapor species are assigned to the
third velocity field. The structure field does influence both axial and radia) mo-
tion; however. phenomenological modeling has concentrated on pool-type situations
rather than flow channel or subassembly geometry. The structure is assumed tu be
staiionary, and the structure volume fractions are independent of time. The conser-
vation equations solved by AFOM are giver by
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In thete equations, 7 is A smear dens ty, V s a velocity, p s the pressure, ¢ 13
an interna) energy, « 13 & volume fraction, and ah i3 the enthalpy of vapaorization.
The Weaviside unit function 3 denoted by W. The traisrer rates are givern by I for
mass, K for momentum, and Q for energy. Enargy transfer includes nuclear heating.
The VM term represents the virtua) mass contribution. The subscripts are m for den-
11ty components, qQ and Q' for momentum components, S for structure, p for particles,
L) for fuel, L2 for coolant, & for vapor, Sol for the solidus energy. Liq for the
11quidus energy, and | for an energy component summaticn index. Although the proper
representation of the sultiphase conservation equations 13 still controversial, the
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subject of this paner is not the derivation and justification of Eqs. (1)-(7) but
rather the soluti-n algorithm and the constitutive relationships used.

111. AFDM ALGOR]ITHM

The AFDOM 1s designed to use a fractional-step method for time integration in
which the intracel) configuration changes and the heat/mass transfers are evaluated
separately from intercell convection. This type of approach has worked satisfactor-
{1y in previous multiphase codes!:¢ and significantly increases the feasibility of
treating the large number of components that may be considered in HCDA analysis. A
stagqered finite-difference computational mesh 1s used, with densities, internal en-
ergies, and pressures evaluated at cell centers and velocities evaluated at the cel
edges. The AFDM algorithm has four steps. These are performed sequentially without
iteration 4n the algoritha as developed to date.

A, Step ) Perform Intracel) Transfers

This ste;: updates £qs. (1)-(7) while ignoring convection. The terms treated
are the partial derivatives with respect to time (or the first term in sach equa-
tion) and the mass-energy transfer terms (or the right side of vach equation). As
explained further in Sec. 1v.D, the AFOM intracell transfers are based on 12 differ-
ent configurational models called topologies that describe what contacts are possi-
ble. The path through Step 1 has eight parts as follows.

Evaluate the equation of state (EOS).

Select the continuous phase and topology.

Calculate the source term for interfacial area changes.

Define flow regimes and instantaneous interfacial areas. Note that a given
topology may possess more than one flow regime.

Perfora heat and mass transfer operations.

Modify interfacial areas for convection bascd on mass transfer results.
Compute the momentum exchange coefficients.

Update velocities based on mess transfer results.

The algorithn for Step 1 13 to treat rapidly varying (sensitive) quantities impli-
citly and the slowly varying (stable) quantities explicitly. The implicit part is
treated using a multivariate Newton-Raphson algorithm. At the conclusion of Step 1!,
3.V, and ¢ a)) have been updated from intrace)) heat and mass transfers.
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his step 13 an Integration of Eqs. (1)-(7) with the right sides set to zero
and the convective terms treated explicitly. The objective 1y to initialize the
pressure iteration (Step 3) with end-of -time-step estimates for all the field vari-
ables. The mass conservation and energy conservation equations solved are

;:T:j - :.u - 8« ‘:": >o0 = < Pe¥q q Ze-1/8%

+ (< ’ q e = € l.ruq >k_]/r10r‘) . and (9)
nel n Y\ SR n . nn n
ey ® “ne) l".‘J'r.iJ Az)[< Brvq 200 0 200 T < Bp¥q 20-C 0 %)
XY

. AL n_n n ) L n ne n

r‘Ar1[< Befug 23, < 00 %y, - < BTug >, <w > ) - 915 (&, R RTL

h_N ﬂ n n nn

. no S oMg e - C Jl, >\- °r n__!z A I

TR ' ). (9)

1) ryér, a7

where A- = =X, 5§, A¢ o fex, ], 0- = § J-%, and 0¢ = { jox,



In Eqs. (8) and (9, the n superscript refers to conditions at the end of Step 1 ex-
cept for the pressure, which is not updated by Step 1. The axia) and radial velo-
city components are denoted by v and u, respectively. The < > notation is described
in Sec. IV.C. The estimated end-of-time-step volume fractions in Eq. (9) come from
the smear densities calculated in £q. (8). After evsluating EQs. (B) and (9), the
€0S 1: inverted to obtain temperatures consistent with the new densities and ener-
gles. Finally, Step 2 uses the momentum equations to calculate new velocities and
velocity derivatives with respect to pressurc. This operation 1s described in
Sec. Jv.8.
] r r 1 n n Pr r

The anticipation of relatively quiescent problems in situations where the envi-
ronment may have a high sonic velocity, for example, & pool, leads to the desire to
cdlculate sonic wave progagation impiicitly. The agproach used in AFDM to accom-
plish this objective is semi-implicit differencing. In the AFDM version of this
spproach, velocities are to be computed with E05 consistent pressures, with only
selected (sensitive) varigbles or relationships being allowed to change from the
Step 2 estimates. Mesides the cell pressure itself, the sernsitive variables (rela-
tionships) chosen are those describing each momentum density and the pressure-volume
work term affecting the vapor internal energy. The error in pressure is given by

“n+) n+) 'nol Tn+1 ~n+)

4y " Mo daag By s.4y) " Py (o
The error in the conservation equations for the densities can be expressed by
wne) n n=n+l n=n+l
Og.13 = (Pq.4y = Pq,1g)/8t + (< Bg¥q o0 = < Bo¥q %6178
n_~i+) n_=n+l
+ (< ;qruq e = € 3qruq >x_]/r1Ar‘ . Qan

Within a momentum field, component density ratios are presumed to be constant during
Step 3. The work term updates the vapor internal energy thirough the expression
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where the terms involving < e > have been collected into a convective term called Ct
that remains unchanged from £q. (9) and the ®o° subscript refers to densities from
€q. (8). These errors are to approach zero. This i3 accomplished by & multivariate
Newton-Raphson procedure. In this procedure, the initial step s to expand the er-
rors given by £qs. (10)-(12) in a Taylor serles. For example, the expansion for the
mass conservation relationships, Oq 44, Vs
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The derivatives in £q. (1)) can be evaluated using the velocity derivatives with re-
spect to pressure calzulated in Step 2. In this expansion, the change in the vapor
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internal energy ‘s expressed in terms of the independent EQS varlables, the gerch-
ties, ana the tenperatures. Ancillary expressiony also are included 3o that der.:t,
vhanges wil) modify the particle and liquid temperatures while holding the partacle
and 1iquid interna) energies constant at the Step 2 values. After some algecb-a, tre
equations expressing Taylor series expansions can pe written in a matrix forin as
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Multiplication of Eq (14) by the first row of A-1(1)) gives n equations fo- the
ap(1)). where n 1s the number of computational cells. when the change in pressure
is known, the remaining cell-centered variables can be updated using the Taylor ser-
fes expansions directly. The velocitier are updated vsing the expressions for tre
velocity derivatives and thy pressure changes. The multifield momentum equations
are not solved here because of the lenythy computation involved and the stability
problems discussed in Sec. Iv.8. Determination of the velocities provides suffi-
cient information for Eqs. (10)-(12) to be recalculatec and another fteration start-
ed. Convergence is obtained when each of the variables in AT 3 reduced below an
{nput minimum,

D. Step 4; Update variables for Consistent Conveciion

To obtatn consistent convection of mass, momentum, and energy, the final yp-
dates are performed with convective terms using the velocities from Step 3. For ex-
ample, tre equations for mass conservation now become
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A second optional op.r.tion in St!p 4 13 the 1nclu31on of interfacial heating
terwms of the form K(qa')IV(q) - ¥(qa')1¢ and K(QS)IV(Q) € in the energy equations.
Although these terms are desirable for complete energy conservation, it is believed
they will not change results for LWFBR HCDA calculations significantly. 1f they do
prove to be important, conceptudlly they should be included in the Step ) vaporiza-
tion, melting, &nd heat transfer models because of the oriein of heating in the
boundary layer. The inclusion in Step 4 13 & computationral convenience becausa of
the presence of a consistent momentum equation.

The fina) operation of Step & i3 the convection of interfacial area a Detween
continuous and discontinuous ~aterial components using the subscripts . and k, re-
spectively, for the ce)) under investigation. The differential equation 13 adopted
from Ishii,4 and the initial AFDM approach 13 to use this eauation in the form

d
—Lk .
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The source termy in Eq. (16) are evaluated in Step 1 The q subscript in the con-
vective term means that the interfacis) a-ea is convected with the velocity of the
discontinuous phase. The exception is when a topology shift oCcurs bDetween the cell
under investigation and ity neighboring cells. [n this case, Q refers to component
! 1n the neighdboring cell, «nd a(aq) s given Dy a(1.continuous phase) of the neigh-
boring cell. Tre differencing of €q (19) then proceeds similarly to the other aif-
ferentia) squattons. 1Ynis completes an ouvtline of the AFDM algoritha.
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IV. AFDM COMPUTATIONAL FEATURES

]

Before the momentum equation solution can be discussed, the virtual mass term
in £q. (2) must be defined. This term arises when a dispersed phase is accelerated
in a multiphase medium. The acceleration gives rice to an additiona) force because
8 part of the neighboring fluid also must be accelerated. A general formulation of
the virtual mass term for two-phase flow based on the objectivity principle was de-
veloped by Orew.5 The analysis shows that the virtual mass force between a contin-
uvous phase, 4, and a discontinuous phase, k, has the form

P = oo Gl e om¥ oo a VL eny¥ie0 - @, - Tpeed, -0 L o)

where C(k) s called the virtua) mass coefficient and A 4s mainly & function of the
volume fraction of the discontinuous phase.

Besides the above ratibnale, the use of virtual mass terms can remove the com
plex characteristics that otherwise exist with the use of one averaged cell pressuyre
in the momentum equations. The numerical stability of a multiphase calculaticn may
be improved.

Because of the uncertainties that still exist, the approach adopted was to in-
clude only those virtual mass terms whose anticipeted or observed effects appear
cost effective to retain. Four considerations were used to reduce €q. (17) to fit
€q. (2). First, only those virtual mess terms that deal with the interaction of »
discontinuous vapor with a continuous 1iquid were retained. 1If vapor 13 continuous,
the density coefficient in Eq. (17) 13 small. For liquid-liquid interactions, the
standard drag coefficient 1s large, and terms based oh acceleration have little of-
fect. Second, iq. (17) was programmed in & trial two-phase, one-dimensional algo-
rithm to investigate its effects on calculations. We found that the value of A best
promoting stability was problem dapandent. A general constant value could not be
selected. This led to the formulation of othar arguments, resulting in the conclu-
sion to drop the convective terms from Eq. (17), leaving only the fnertial terms.
Third, momentum feedback from the discontinuous vapor somehow must be apportioned to
the two Ytquid flelds. For convenience, thit division was performed based on the
11quid volume fractions present. Fourth, the virtyual mass coefficient was defined
based on formulas adapted from Ishi1.6 The virtua) mass terms 1n Eq. (2) then have
the form

LRI N A TR L

w » »
Vas = wefLeft% [ Tt T %10t T %200 0t) (18)

where the numeric subscripts stand for 1iquid momentum fields and the effective 14~
quid density 1s 3 velume-averaged quantity. The .irtual mass term a3 defined above
is particularly usefu) in stabilizing the higher-order differencing format when des-
criding churn-turtulent flow.

c
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To provide s better representation of fuel-coolant interactions, pool stratifi-
cation, and other MCDA phenomens, the AFDOM 43 written in terms of three velocity
fields. The approach can be extrapolated readily to mora velocity fields {f the mo-
mentum exchange relationships can be defined. The key difficulty is solving th1 mo -
mentum equations. The approach used 13 o modification of that done previously.

The finite-differenze form of the momentum equationt is straightforward except for
the convective terc and the treatment of the interfield drag terms. (Unfortunately,
tpace does not permit a full discussion of the ceavective tarms.) A3y an example, in
Step 4 the axia) convective term (iqnoring the q subscript) is given by
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with the < > terms discussed in Sec. 1v.C. The initial approach for the drag terms
was to use end-of-time-step (FTS) velocities wherever a velocity difference ap-
peared, including any velocity differences used in the mode)l for K(q,q'). The dif-
ficulty with this approach was that oscillations occurred in attempting to iterate
8s a function of pressure drop. An example 1s shown 1n Fig. 1. The main curve is
an example solution to the AFDM vapor momentum equation as a function of the pres-
sure difference between two cells for highly dispersed flow. Starting at point A,
an extrapolation using the velocity derivative as a function of pressure is along
the line A-8. An evaluation of the velocity with a pressure drop corresponding to 8
gives the point C. The velocity derivative then moves along 1ine C-D, and a func-
tion evaluation at point D gives a velocity very close to point A. The salution to
this prodblem was to adopt the definition
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where § can represent either &+ or A+, in other words, an axial or radial coordin-
ate. The quantity w is set to one-half in Step 2 and to unity in Step 4. The de-
rivatives of the veiocity with respect to pressure for Step 3 are obtained from dif-
ferentiating the finite-difference form of the momentum equation in Step 2. This
procedure partially updates the velocities in the desired direction in Steps 2 and 3
and then eliminates undesired previous time-step effects from the interfield drag in
Step 4. For example, if a flow-regime shift occurs, using ETS velocities in the
drag eliminates a time-step size dependence in the adjustment to a new flow regime.

encing

In assessing the recriticality of a disrupted LWFBR core, a key parameter {is
how much fue) remains in the core vicinity. The numerica) diffusion associated with
first-order sccurate donor cell differencing can be quite nonconservative in per-
forming thi; estimate. When performing postdisassembly dapansions, excessive numer-
ical diffusion also can be considered as causing energy smearing and a reduction in
the work performed. In AFOM, a higher order differencing approach has been adopted
from van Leer.’ The idea is to dafine both the magnitude and slope of a variable
in a donor cell. The time-step size furnishes an integration distance for determ-
ining convection, Limiters then are used to stop oscillations and ensure that the
scheme remaing positive definite. As an example, the < > quantities in the axial
direction are defined by
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In £q. (21) the slope of the density is given by

. and

<jv>

lu\ - nlnnlu\ -Inlll!;\ | llu\ \ Ilu\ [}



VELOCITY (M/S)
5 b g

-250
-30
C >
—~430 4+ LAADAASAS A M AARAAAE ARAY LAGOAASAANSARSAS |
-140 -100 -a40 -20 &0 a0 100 | 7Y
PRESSURE DROP (KPa)
F'9. 1.

vapor velocities at a 0.98 vapor volume fraction.
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Similar definitions exist for the radial) dirrction, but the slope of a convected
quantity 1s based on the area, not the radial coordinate alene.

The energy terms < ¢ > are evaluated by averagina over the volume from which
the corresponding mass was taken using an energy s.ate defined in a manner similar
to the density. This resu:ts in an equation similar to that of Eq. (21) but with
one velocity factor removed. Equation (2)) is volume-averaged over the two relevant
cells to obtain the womentum term; in €q. (19). The < v > term in Eq. (19) is eval-
vated by integrating an assumed valocity shape over the volume corresponding to the
transported momentum. This 13 impiemented by basing the limits of integration on a
velocity defined by dividing the momentum flux by an appropriately volumetrically
averaged density. The original var Leer aljorithm is second order accurate in space
except where the Yimiters apply and when a nonuniform mesh is selected. In AFDM,
the staggered mesh, which was chosen to help pressure-velocity calculative stabil-
ity, mikes the accuracy in momentum transport hard to evaluate. Consequently, 1the
slightly ambiguous term, higher order differencing was selected to descrihe this
approach, and the criterion for 1ty evaluation s performance. Tha scheme does ap-
pear to work reasonably well. There i3 a penalty incurred from the lengthened for-
mulas and extra iter tions required for convergence in Step J, but it appears ac-
ceptable in the cases investigated so far. An example of modification in results
obtained with higher order differencing s given in Sec. V.



p. Treatment ¥f 1ntgffgg]gl Ared
The interfacia) oreas between components must be known to assess Step 1 intra-

cell transfers. AFDM interfacial areas at present are defined for unrestricted flow
only. Velocity and concentration profiles imposed by solid structures are presumed
not to influence the flow regime that is present. A cell 1s initfalized by (a) se-
lecting the topology based on volume fractions and relative velocities and (b) ob-
taining the convective interfacial areas between continuous and discontinuous com-
ponents from €q. (16). Operation 3 in Step 1 modifies these areas with a source
term. This reflects the change of surface area within a given cell as a result of
several physica) processes such as nucleation, dynamic forces, turbulence, coales-
cence, and surface tension forces. In general, models for the source term are Sim-
ple. For example, dynamic forces modify the radii of bubbles/droplets by a first-
order differential equation expressing the idea that the equilibrium wWweber number
can be approached using a relaxation-time model.

wWhen the continuous liquid, the continuous phase, and the source term have
been assessed, the irterfacial areas of the discontinuous components can be updated.
However, they share parts of their surfaces with coexisting discontinuous components
or with the sclid structure. Therefore, several contact criteria are specitzd to
define the surface subdivision, such as the contact to the solid structure, the in-
terface between Liquid 1 and its solid phase, the contact of the vapor and two 11-
quid components at zero velocity through contact angles, the contact of two discon-
tingous components at finite velocity ditferences, and the combination of the latter
two processs:. Finally, after the results of the AFDK heat and mass transfer models
are known, the interiacial) areas are updated bzsed on the mass transfer results, in
preparation for the calculation of momentum convection and convection of interfacial
area 1:s2)f. Figures 11 and 111 show <wo topolcgies with all components present in
& celi.

Ir Fig. II, vapor ¥s the continuous phase. The prevailing droplet flow con-
sisty of two types of droplets. One droplet consists of the solid and 1iquid phase
of component 1, and the other contains the single component L2. The broken-line
circles next to the L2 droplet indicate that the contact to the P/L) droplet may be
a function of the velocity difference by using & collision frequency modei. In
Fig. I11, Liquid 1 1s continuous. Therefore, 1ts solid phase (represented by the

\—

Fig. 1. Fig. II1.
Topology with disparsed flow. Topology with budbbly flow.



particles, P) is emb>dded tolally in the liguid, except for the contact to the soligd
structure. L) and P have the same velocity. Again, the contact Detween the other
discontinuous phases 1s defined by contact angle criteria and the vel>xcity differ-
ence,

F n ran r

A simple heat and mass transfer mode) 1s being implemented 10 the first version
of AFDNM. The phase transition processes included are melting and freezing of fuel
and evaporation and condensation of fuel and steel. The calculative model is simi-
lar to the SIMMER-1] description of heat and mass transfer any COMputes Wass trans-
fer rates from heat transfer to the respective inte-facial areas.? Heat transfer
itself 15 calculated by using appropriate heat transfer coefficients for the various
possible configurations and the temperature differences between the components ang
phases. (The gas phase, which consists of totally mixed components, is character-
ized by one energy and temperature.)

A more sophisticated phase-transition model, which tracks phystcal processes
more accurately, also is being developed for the AFDM. This mode' 15 characterized
by a separate treatment of mass transfer. Evzporatiun and condensytion ic repre-
sented by multicomponent and diffusion processes in the vapor phase. The diffysion
equation used 1s

In this eQuation. 1, J. and kX are component indices, and the fi~ite concentration
differences ay(k) are divided by the bourdary layer thickness 2. The D(J),.k) denote
a2 x 2 matrix of diffusion coefficients for everaged values of the conccntrations,
c(t) 1s the total molar density of the gas mixture, and B(1,J) 1s the "bootstrap®
mxtrix. When the third component is no: condensible (as in the AFDM), B(1.1) is
given by

Biy = 443 *+ ¥1/y3 . (23)

where &4 'S the Kronecker delta functicr. Interfacia) temperatures (denoted by 1)
for evapdration and condensation are determined by 1 lerphaste heat transport equa-
tions of the form

1) * Mo -T) - { LR

1
AL T 6, ol LY, eff
Here h(I,L1) 1s the heat transfer coefficient from the gas/liquid interface into the
1iquid (L1) phase, h®(6,L1) 1s the mass-flux-corrected heat transfer coefficient
from the gas/ligquid interface into the multicomponent gas phase, M(1) 15 the molecu-
lar weight, and the effective enthalpy of vaporization is ¢valuated to insure con-
servation of energy. Two problems have to be resolved to find the concentration
gradienti in the boundary layer: (1) the concentration at the interface and (2) the
size af the concentration boyndary layer. Prodlea (1) s solved by using equilipri-
um assyumptions and the £0S at tne interface. The pressure at the interface is pre-
sumgd to be the AFDM cel) pressure. Problem (2) 13 solved by using mass-transfor
corrglations a3 given in the chemical literature or from analogies between neat sng
msss transfer. (The latter method has the advantage of gQuaranteeing the consistency
in heat and mass transfer calculations automatically.)

;io lu!tico-oonont i%s package in the AFDR 13 based on tae SESANE® pnilosophy

of CO0S evalyation. The SESAME EOS system i3 3 standargilad, computer-based library
of tables of theraodynamic properties and FORTRAN subroutines. The data library
currently contains information fur roughly 70 materials. Using the SESAME system,
prescures, internal energies, and frec energies are availadble as & function of den-
sity and temperature. Associated partial derivatives, sdturstion properties, and
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inverse E0S evaluations also are available. The SESAME software contains vectorized
routinas? to interpolate the Yibrary data tables and utilities'V to update existing
gata libraries with new material flexioility and dats sccuracy improvement capapil-
itiaes.

The set of independent variables with which the AFDM solution algorithm pro-
ceeds s composed of macroscopic densities and temperstyres (F and T). An indepena-
ent variable vector for the AFDM aigorithm can be written as

* - = - - - T
lf - (’D'le';LZ'DG""GZ'pGJ'TD'TL"'TLI'TG) . (?'J

This vector represents the information normally available for EOS queries.

The main complexity in the implementation of the SESAME £QS {is in the trans-
formation of the macroscopic density infcrmation appearing in x(F) to microscopic
density information needed for E0S evaluations. This 15 handled by assuming me:nan-
fcal equiliprium {in pressure) between the various material components in 3 numeri-
cal cell and then proceeding :n the following way. The ga microscopic densities
first are defined ac

<

’ " BG/III(E.QG) ' (?6)
where @ = (1 - 'S)°o , and (21
g =1 - ag - vio- 00)(0L] ta,'® °p)' (28)

The guantity ag is an input parameter representing & small amount of gas volume that
1- to be maintained even in single-phase liquid cells. The structure volume frac-
tion ag 1s considered a cell-dependent prnblem input parameter.

To complete the description of the gas micro-densities, physical vo'ume frac-
tions for the cel) must be ~efined. Their definition uses saturated liquid densi-
ties that are determined from a statement of mechanical equilidbrium detween all tne
components, or

"(’G.TG) - PLI("L"T'.‘) L PLZ(-‘I‘Lzuth) - PD(‘SD'TD) " (29)

where the microscopic saturated Jeniities appearing in £Q. (29) are determined with
the volume fractions used to define ag in €q. (2°) by the expression

P " 51/-. , m=p, L)1, and L2 (30)

s
Assuming that the E0S provides all the pressyres appearing in £q. (29) and given

TUF), then the system of cqs. (26)-(30) representing 10 equations contains 1V un-

ENOWNS (8G1.pG2.26Y #5112 2.23p.05.8 1,8 2.0p) &Nd Lherefore can be solved to
determine all the o'y, Wi sigedbrafic substitution this system can be reduced to
three equations containing the three 1iquid-fielg a's, and then solved numerically
with 3 Mewton-Raphson iteration

In single-phase Yiquio cells, a similar statement of mechanical equilidbrium iy
used to define the compressed liqu'id and particle volume fractions. A complete deus-
cription of the £0S package anad 1ts complexities (sych 4% material mixtyre ryles,
the total pressure mode!l, partig) derivatives, and the use of the spinodal) dome) 13
in preparation

An attempt !s chng aade in the programming of AFDM to obtain complete vertor-

fzation of all numerical calculations This can be accomplished by (1) memory man-
sgement, (2) elimination of nested loops. (J) removing calls to subrouttines and



functions from loops do'ng numerical calculations, &nd (4) remuving conditiona)
statements from ‘oops doing numerical calculations.

The conservation of memory is considered only if vectorization is not innhitit.
ed. With the memory size of current vector computers, memory should not be a prob-
lem. The parameters that determine the mesh size should be selected 5o that memcry
conflicts are eliminated. Each mesh variable 1is assigned a contiguous block of mem
ory to optimize the fetching/storing of the variable.

"00" loops are nested only when they do not affect the optimization of vector-
fzation. 1f nested °"ND" loops must be used, the °"DO" loo) with the largest range of
indices myst be the innermost loop. Calls to subroutines are not allowed in "00-
loops because they inhibit vectorization. To achieve this, each call to a subrou-
tine must do 1ts calculation over the range of the “D0O" loops.

Conditional statements can be eliminated by (1) gather/scatter and (2) vector
merge techniques. For the gather/scatter technique, tables of different classes of
variable are set up. Using these tables the calculation for each class of variatle
is done by vectorized loops. A truth vector is generated for the vector merge tech-
nique. The truth vector selects one of several variables to calculate the value of
a third varisble in a vectorized loop.

The AFOM program has been developed on & Cray ) computer. As a rule of thumb
on the CRAY-1,  the advaniage of & vectorized program over an optimized nonvectorized
program {s about a factor of 4.

v. AFDM Status

Initially, some of the ideas to be uscd in the AFOM algorithm (the SESAME EOS,
the higher order differencing, the multiple flow regimes, the virtual mass treat-
ment, and the pressure iteration itself) were investigated with a one-dimensionanl,
two-phase code. Next, a basic two-dimensional AFDM algorithm as described in
Sec. 111 was programmed and 1s operational. The more sophistizated models are cur-
rently in the programming/debugging process. It is premature at this time to report
8 significant LMFSR HCDA calculation. Completion of this phase of the AFDM project
with the models as defined here 1s scheduled for October 1967.

Relatively simple checkout calculations are deing performed at this stage. As
an example, a compariton has been done with an isotherms! two-liquid experiment por-
forwed at Kernforschungszentrum, Karisruhe. In this experiment, tetralin /simulat-
ing uranium dioxide) is mixed with ammonia (simylating steel). The initia) experi-
ments) configuration is shown in Fig. Iv. The figure dimensions are in millimeters,
and the box 13 51.5 mm thick. The experiment 13 perforwmed by withGrawing a cy)linder
and releasing the tetralin. To obtain a calculation that can be compared with this
experiment, three dimensions are desirable, but planar geometry can be used for »
first approximation. The AFDM currently i3 programmed in r-z geometry. Although a
plansr option is planned, it does not presently exist. To partially simulate planar
geometry, the calculation was performed in annular geometry with a large center
(100-m) node o! 30110 structure. With the remaining radial nodes being =5.5 mm, the
cylindrical aspect of the calculation 1s eliminated. Because the models discussed
in Sec. IV.D stil1) are Deing implemented, these calculations were performed with
constant radii (for drag) of 0.5 mm for tetralin and Y mm for ammonia. The calcula-
tive representation of the configuration is shown in Fig. v. Each contour repre-
sents & 10% change in volume frartion. figures VI and VIl give the calcylative
results using both the donor cel) and the higher order differencing approaches,
Figure VIII Qives an outline of an experimenta) tetralin profile as inferred from
the high-speed movie for comparison. Although caveats exist, the comparison i3
reasonable. Higher order differencing does produce a reduction in numericel dissi-
pation and an initia) reduction in smearing. Both the experiment and the calcula-
tion slosh the tetralin up the sides to approach/touch the upper ammonia turface.
Nowever, the calculation 13 incorrectly trapping ammonia in the right corner at
300 m3. The counterfliow of the escaping ammonia causes turbulence that lasts much
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results are less than idea) because of tetralin splashing on the front viewing win-
dow and because of turbulence and loss of ammonia caused dy withdrawing the cylin-
der. The experiment 13 being rerun to check reproducibility and to «liminste some
ammonia vapor bubbles caused by radiation from the outside environment.

To susmarize, progress Is being made in the investigation ¢f techniques that
will reuuce LMFBR MCOA calculative uncertainties. It is premature at this time to
Judge the uitimate usefulness of the more complex innovations. Changes in %ho algo-
ritha described here can be anticipated. However, comparad with SIMMER-II,€ syuffi-
cient progress has been made to conclude that, with further development, significant
improvements are possible in reliably calculating the progression of severe acci-
dents.
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